The forte of catalytic antibodies has resided in the control of the ground-state reaction coordinate. A principle and method are now described in which antibodies can direct the outcome of photophysical and photochemical events that take place on excited-state potential energy surfaces. The key component is a chemically reactive optical sensor that provides a direct report of the dynamic interplay between protein and ligand at the active site. To illustrate the concept, we used a trans-stilbene hapten to elicit a panel of monoclonal antibodies that displayed a range of fluorescent spectral behavior when bound to a trans-stilbene substrate. Several antibodies yielded a blue fluorescence indicative of an excited-state complex or "exciplex" between trans-stilbene and the antibody. The antibodies controlled the isomerization coordinate of transstilbene and dynamically coupled this manifold with an active-site residue. A step was taken toward the use of antibody-based photochemical sensors for diagnostic and clinical applications.
1
The forte of catalytic antibodies has resided in the control of the ground-state reaction coordinate. A principle and method are now described in which antibodies can direct the outcome of photophysical and photochemical events that take place on excited-state potential energy surfaces. The key component is a chemically reactive optical sensor that provides a direct report of the dynamic interplay between protein and ligand at the active site. To illustrate the concept, we used a trans-stilbene hapten to elicit a panel of monoclonal antibodies that displayed a range of fluorescent spectral behavior when bound to a trans-stilbene substrate. Several antibodies yielded a blue fluorescence indicative of an excited-state complex or "exciplex" between trans-stilbene and the antibody. The antibodies controlled the isomerization coordinate of transstilbene and dynamically coupled this manifold with an active-site residue. A step was taken toward the use of antibody-based photochemical sensors for diagnostic and clinical applications.
Although most biological processes occur on the thermally controlled ground-state surface, photochemical reactions involving molecular excited states are fundamental in nature, as in photosynthesis. Similarly, the physics and chemistry of vision are mediated by the lightinduced double-bond isomerization of 11-cisretinal bound to the protein rhodopsin (1) . Recently, theoretical and experimental advances have made it possible to visualize how vibronic modes between proteins and ligands are coupled during movement across a potential energy surface (2) (3) (4) . The application of modern spectroscopic techniques to photondriven reactions, as well as other nonphotochemical systems, has allowed the observation of ultrafast and efficient mechanisms and shed light on a crucial paradigm for catalysis. Namely, protein-ligand interactions are dynamic and intimately dependent on the transfer of vibrational energy.
We were interested in applying catalytic antibody technology (5, 6) to explore how excited states might be influenced by proteinligand interactions. We hypothesized that because antibodies can translate binding energy along the thermal ground-state surface to lower activation barriers, similar control might also direct the pathways of molecules in electronically excited states. We used a ligand that had photochemical reactivity as an optical sensor to directly report on the interplay between the properties of a protein active site and a chemical event. We prepared a series of monoclonal antibodies (mAbs) against trans-stilbene 1 (Fig. 1) , a molecule whose excited-state behavior is well understood (7) (8) (9) . Remarkably, even though the mAbs were made to trans-stilbene in its ground-state structure, they could still respond dynamically to increases in molecular energy and influence the course of excited-state reactions.
Principle and design. Two decay processes, fluorescence and isomerization to cisstilbene 5, account for the excited-state behavior of 1 in solution ( Figs. 1 and 2 ). The isomerization pathway is the predominant funnel for quenching of fluorescence at room temperature. The singlet mechanism for the trans 3 cis photoisomerization was proposed by Saltiel (10) and was validated through comprehensive singlet and triplet quenching studies (9) . The fundamental model suggests that after excitation of the trans form to the excited trans-singlet state ( 1 t*), twisting about the carbon-carbon double bond converts the molecule into the excited perpendicular singlet state ( 1 p*). Subsequently, internal conversion to the perpendicular ground state ( 1 p) followed by rotational relaxation to the cis and trans ground states completes the process. The trans 3 cis photoisomerization occurs from an angle of twist of 0°to 90°by rotating in S 1 and from 90°to 180°in the S 0 state. The reverse occurs for the cis 3 trans reaction (Fig. 2) .
Although it should be possible to elicit mAbs highly specific for the parent transstilbene 1, we desired a derivative more suitable for experiments in aqueous media. Hence, the design required a functional group on 1 that would (i) afford coupling to a carrier protein, (ii) enhance water solubility, (iii) be stable during routine irradiation, and (iv) introduce minimal alteration of the electronic nature of 1. The last requirement would allow us to apply the vast body of information available for trans-stilbene to a substituted analog. A glutaric amide was considered an ideal candidate and resulted in the preparation of hapten 2 ( Fig. 1) (11) . The Hammett value provides a measure of the degree to which substituents perturb the electronic nature of an aromatic ring (12) . For the related acetamido group, p ϭ Ϫ0.01, close to the zero value assigned to hydrogen, which suggests that 2 is electronically comparable to 1. Immunization with a keyhole limpet hemocyanin (KLH) conjugate of 2 resulted in a panel of 15 mAbs for analysis (11, 13) .
The fluorescence quantum yield ( f ) of flexible molecules that can undergo facile torsional displacements in the excited-singlet state increases greatly in high-viscosity or low-temperature, rigid media. Hence, for 1, there is an increase in fluorescence efficiency with a concurrent decrease in the efficiency of trans 3 cis photoisomerization (14, 15) . Similarly, when substitutions are made that constrain or "stiffen" the structure of 1 from twisting as in 10, the isomerization yield is zero and the f approaches unity (16, 17) . If the confines of a specific antibody binding site imparted "stiffness" to 2, then we would expect a reduction in isomerization and an enhanced f . However, the outcome could not be predicted and was quite unexpected. Initial observations. When the mAbs were each mixed with 2 in stoichiometric amounts and irradiated with ultraviolet (UV) light, a surprising phenomenon was observed. Several mAbs, 19G2, 20F2, 21C6, and 22B9, complexed with 2 immediately produced an intense, powder-blue-colored fluorescence (Fig.  3) . Moreover, the panel of mAb complexes revealed a range of visually discernible colors and/or intensities over the purple (violet) to blue region of the spectrum. Similar results were found with 1 but were less marked because the concentrations were lower. By itself, 2 showed only very faint purple fluorescence typical of that for trans-stilbene in solution at room temperature. Because the mAbs themselves afforded no observable fluorescence, we concluded that mAb-2 complexes were the source of the emitted light.
The distinct fluorescence of a blue-emitting complex such as 19G2-2 was extremely robust in that there was no visible effect upon saturation with oxygen, variation of the pH from 4 to 11, a change in temperature from Ϫ5°to 50°C, or prolonged irradiation. Complete photobleaching to a colorless and turbid solution occurred only after 60 min of continuous UV exposure under the conditions described (Fig. 3 ). Yet, remarkably, freezing a solution of a blue-antibody complex in either a dry ice-isopropanol bath (sample temperature Ϫ60°C, 213 K) or liquid nitrogen bath (sample temperature Ϫ179°C, 94 K) followed by UV irradiation resulted in the complete absence of the blue fluorescence that reappeared only upon thawing. In the frozen state in buffer solution, the 19G2-2 complex was a semitranslucent frozen solution in which the faint emission appeared as a purple color. This emission was similar to that of a frozen sample of the stilbene 2 alone or a room temperature or frozen sample of a typical purple-emitting complex such as 16H10-2. The loss of the intense blue color was counterintuitive, given the normal enhancement of fluorescence at low temperatures.
A number of hypotheses for the origin of the unusual blue fluorescence were considered (18) . At this stage, not yet having obtained structural data for an antibody-hapten complex, we conjectured that exciplex-like interactions of 2 at the combining site could be responsible. An exciplex is a cooperative interaction of two molecules in the excited state. The new excited-state complex ("exciplex") can emit a photon to produce light. However, given the observed temperaturedependent phenomenon, it was apparent that simple static interactions between stilbene and antibody were not sufficient to produce the blue fluorescence. We suspected that dynamic events were operative and sought further evidence to support this view.
Steady-state analysis: Spectroscopy and energetics. Determination of dissociation constant (K d ) values for the trans-stilbene 2 quickly revealed no extraordinary tight binding effects in the ground state and no substantial differences between the blue-fluorescent mAbs and the majority of the other mAbs in the panel (Table 1 ). In fact, although some purple mAbs were among those with the worst affinities, the most weakly purplefluorescent complexes of mAbs 16H10 and 9E11 had K d values comparable to the blueemitting complexes. However, a striking contrast was observed in the f values as well as differences in the absorption, excitation, and emission spectra of the blue-fluorescent mAb complexes ( Table 2) .
The room-temperature absorption spectrum of the 19G2-2 complex was slightly redshifted compared with free 2 and showed a vibronic progression of 0-0 and 0-1 subbands and a 0-2 subband as an inflection (Fig.  4A) . The spectrum differed from that of 2, which showed very small inflections, that of 25E5-2, which lacked the 0-2 subband, and that of 16H10-2, which was featureless. The identification of vibronic bands was somewhat similar to, but much less defined, than those of 1 in viscous or low-temperature glassy media and stiff stilbenes 9 and 10 at room temperature (14, 19) . The data suggested that 2 bound to 19G2 had a distinctive interaction with the antibody in the ground state and was more planar and had less phenyl torsion in the ground and/or Franck-Condon excited states than free 2 or the bluepurple or purple complexes. The excitation spectrum of the 19G2-2 complex showed structure analogous to the absorption spectrum (Fig. 4B) . Emission of blue-fluorescent mAbs was broad and featureless, similar to the band shape of 2 and other EP2 complexes, but with a redshifted maximum at 410 nm that gave rise to the color that characterized Fig. 3 . Representative EP2 mAbs complexed with 2 and photographed during illumination with UV light (11) . All samples contained 10 M mAb, except for the background (labeled -mAb), and 20 M 2 in a volume of 600 l of phosphate-buffered saline (PBS) [10 mM sodium phosphate and 150 mM NaCl ( pH 7.4)] and 5% dimethylformamide (DMF) cosolvent. Photographic parameters were adjusted to capture the blue fluorescence. However, photographs could not fully reproduce the color intensity or distinguish simultaneously across the range of blue and purple tones as perceived by the eye. Samples 19G2, 20F2, 21C6, and 22B9 were a more highly luminous powder-blue color than shown. Sample 25E5 was a pale blue with a purple hue and the 16H10 complex was a faint purple color. The image of the background sample was considerably distorted and to the eye had only a barely perceptible purple hue. 2 . Illustration of the ground-and excitedstate potential energy surfaces (S 0 and S 1 ) for stilbene photochemistry and photophysics. The diagram is the simplest representation of the energy changes for the principal pathways of isomerization and fluorescence in the singlet excited state (t, trans isomer; c, cis isomer; p, 90°twisted state; k f , fluorescence rate constant). Emission from cis-stilbene in fluid solution can only be detected and measured under special conditions but suggests that the trans and twisted minima are nearly isoenergetic (38, 39) . these four mAbs (Fig. 4C) . The strong emission and its spectral location were in stark contrast to free 2, which in fluid solution emitted in the near UV with a f that was 30-to 40-fold lower ( Table 2 ). The change in overall appearance of the emission spectrum relative to the structured emission typically observed for trans-stilbene 1 as well as 2 in low-temperature rigid media (see below) suggested that the mAb caused a perturbation of the electronic structure of 2 and that the emission was due to a complex in the excited state. The 11 other EP2 mAbs gave rise to a smaller spectral shift (blue-purple and purple emission) and a lower f of the overall emission. This finding further underscored the notable behavior of 2 bound to a blue-fluorescent mAb.
Somewhat unexpectedly, the panel of EP2 mAbs bound the cis-isomer 6 (Table 1 ) (11). In general, the affinities were reduced, with K d values that were ϳ10-fold higher. One interesting exception was mAb 9E11, in which the K d of the cis isomer was in fact slightly lower than that of the trans isomer. In retrospect, the cis-binding results were rationalized in light of the linker length of 2 used for immunoconjugate formation and immunization (20). On the basis of the results, the possibility for interconversion of the two isomers at the antibody combining site was investigated.
First, the ground-state thermal effect of EP2 mAbs on 2 at 45°C was examined. No evidence was found for the formation of 6 or any other new compound by either an exemplary blue-fluorescent mAb 19G2 or a purple-fluorescent mAb 16H10, which was expected in that the mAbs were elicited with a ground-state structure that contained no information about the transition state for catalysis of stilbene isomerization. Moreover, the ground-state barrier between trans and cis isomers of stilbene is rather large at ϳ43 kcal/mol (21) and precluded spontaneous isomerization of 2 at the maximum temperature (45°to 50°C) that maintained antibody binding. Although we could not rule out energy perturbations of the barrier or twist angles on the ground-state surface, such effects were likely to be small and only minor contributors to the phenomenon of blue fluorescence.
Second, the photostationary state ( pss) of 2 and 6 in the absence and presence of EP2 mAbs was measured ( Table 1 ). The photoisomerization of either the trans or cis isomer alone in buffer solution at room temperature with the UV transilluminator (Fig. 3) produced an excess of cis-isomer 6 similar to the behavior of 1 and 5 in most solvents for excitation wavelengths Ͼ300 nm (9, 22) . Yet, in all cases, and especially blue-fluorescent mAb complexes, the final pss at the antibody active site favored the trans-isomer 2. Previous studies by others showed that in addition to 1 and 5 starting from either isomer, a minor photoproduct, dihydrophenanthrene, could form from the excited cis-stilbene through electrocyclization (23). Although the latter process is reversible, the dihydrophenanthrene readily oxidizes to phenanthrene 7 when oxygen is not excluded. Indeed, we detected the formation of 8 under normal conditions of sample preparation and irradiation in the presence of room air and surmised that this reaction manifold contributed to the bleaching of the blue fluorescence (see above) (24). The compound 8 also served as a marker that indicated small temperature-dependent effects on the pss (25). Hence, the pss was actually a metastable equilibrium continuously shifted by the electrocyclization and irreversible dihydrophenanthrene oxidation, as well as other photodegradative pathways (24). Table 2 for experimental conditions. Steady-state excitation and emission spectra were recorded with an SLM 8100 spectrofluorimeter (Spectronics Instruments) with a band pass of 4 nm for excitation and emission. (D) Low-temperature transition in blue-fluorescent antibodies. Measurements were made with either 19G2-2 or 20F2-2 complexes with similar results (11). Table 2 . Steady-state spectral data for mAb complexes and stilbenes. Unless otherwise noted, all measurements were made in PBS [10 mM sodium phosphate and 150 mM NaCl ( pH 7.4)] and 5% DMF cosolvent, at 20°C (11) . Antibody complexes were made with 20 M mAb and 10 M 2. Quinine bisulfate in 0.5 M H 2 SO 4 was used as a quantum yield reference with f ϭ 0.546 (43) . Fluorescence emission spectra were collected for all complexes, free stilbenes, and quinine sulfate from at least two different excitation wavelengths (313 nm and 327 nm). The quantum yields were accurate to Ϯ10%. Both geometric restrictions and the effective polarity of a binding site can influence the relaxation pathways of a molecule in an excited state and alter the outcome of a reaction. Inclusion of trans-stilbene in ␤-cyclodextrin was previously examined by steadystate methods and found to favor a trans pss yet showed no enhancement of fluorescence (26). However, an antibody binding site programmed by hapten design should be much more specific, dynamic, and chemically complex than a cyclodextrin cavity. Although a "lock and key" paradigm that invoked "freezing out" motions of 2 at the active site could in principle explain the increased f values relative to 2 in buffer solution, the data do not support such a model. The absence of welldefined vibronic structure of absorption and emission bands was not indicative of a stilbene molecule with a rigidity able to furnish the f ϳ 0.7 to 0.8 of blue-fluorescent complexes. In this regard, the available binding energy of ϳ8 to 9 kcal/mol should be sufficient to restrict the single-bond phenyl torsions (Ͻ Ͻ0.1 kcal/mol), but not the isomerization motion at the high energy of the excited state.
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Moreover, the effective viscosity at the active site of the antibody certainly should be much less than that of a frozen solvent or viscous media such as glycerol. Yet, remarkably, the f for the 19G2-2 complex compared favorably with the value of f ϭ 0.75 for 1 at 77 K in hydrophobic solvents and at 193 K in glycerol (14) . In essence, the structural, chemical, and dynamic characteristics of the active-site matrix recapitulated a highfriction or low-temperature "glassy" environment that drastically reduces the isomerization funnel and efficiently yields fluorescence. Even blue-purple and purple complexes maintained high trans-favored pss and f values far greater than that of stilbene in fluid solution (Tables 1 and 2 ). However, for neither blue, blue-purple, nor purple mAb complexes was the vibronic structure of spectra indicative of a rigid stilbene. Despite the conformational mobility in all of these mAb complexes, the emission wavelengths were distinct. Accordingly, a picture emerged of dynamically "tuned" interactions between stilbene and mAb bound together by noncovalent forces during the photoevent.
Vital support for the dynamic dependence of the blue fluorescence was obtained from low-temperature fluorescence spectroscopy that corroborated initial visual observations (see above). At 100 K, a structured emission of the 19G2-2 complex was observed comparable to that of 2 alone and reminiscent of trans-stilbene in rigid media (11, 19) . The essential vibronic features of the emission profile remained intact through 220 K. The onset of a thermal transition began at 240 K, where the intensity of the emission and vibronic pattern began to change markedly (Fig. 4D) . The spectrum broadened considerably and shifted to the red, and by 260 K the evolution was complete and matched that observed at room temperature for the emission of blue-fluorescent mAb complexes. The abruptness of the temperature transition was notable, in that the bulk medium was still frozen at 260 K. Clearly, a dynamic event occurred near 250 K that allowed the conversion to the blue-emissive species. In all likelihood, structural motion and/or vibrational states of the stilbene hapten were allowed in the region of 250 K because of a glass transition (27) of the antibody, or specific coupled interactions between protein and hapten were activated in this temperature regime.
X-ray crystallography. Insight into the chemical environment of the antibody active site and the position of the bound hapten was obtained from crystallographic analyses. The structure of the Fab fragment of 19G2 complexed with 2 was solved to 2.4 Å resolution at 4°C (277 K) (Fig. 5, A and B) (11) . As for the 19G2-2 complex in solution at this temperature, the crystals glowed blue upon UV irradiation (Fig. 5C ). The hapten was readily modeled into the density in a planar, trans configuration with the long axis directed toward the center of the mAb and all of the nonhydrogen atoms accounted for in an F o Ϫ F c difference map. Most of the side chains that packed against the stilbene moiety were nonpolar in nature. Importantly, the phenyl ring distal from the linker was positioned primarily by a parallel displaced or "face-toface" -stacking interaction with the indole group of the heavy-chain tryptophan 103 (Kabat numbering), a residue generally invariant in the amino acid sequence of all antibodies. Indeed, Trp 103 was also present in the sequence of the purple mAb 16H10. The central olefinic carbons of the stilbene were enclosed by heavy-chain residues Val 37 96 on either side of the ring. The protein packing in the region of the proximal ring was less intimate compared with that of the distal ring. Three water molecules were anchored by main-chain and side-chain hydrogen bonds to form part of the van der Waals surface against the proximal ring. Finally, the crystallographic structure of the 19G2-2 complex at low temperature (100 K) (28) indicated that main-chain and sidechain atoms of the antibody active site and the relative position of the bound stilbene were similar to that of the complex at 277 K, well above the 250 K transition temperature. Although it now seemed reasonable to invoke an exciplex involving Trp 103 , it was also evident that blue fluorescence must arise from a dynamic interplay between the stilbene hapten and antibody in the excited state.
Dynamic spectroscopy. Picosecond timeresolved emission spectroscopy was used to further probe the dynamics of blue-fluorescent mAb complexes. Time-resolved emission decay profiles of free 2 and bound to EP2 mAbs were measured at room tempera- ture by time-correlated single-photon counting ( Table 3 and Fig. 6A ). The hapten 2 in aqueous buffer exhibited a rapid decay with one fluorescence lifetime of ϳ70 ps, in good agreement with previous data for 1 under comparable conditions (7) (8) (9) , that indicated similar excited-state decay pathways for the two molecules. A marked change in the excited-state lifetime was observed for complexes of 2 with bluefluorescent mAbs. In striking contrast to the subnanosecond lifetime of 2 in solution, the decay profile of the complex was dominated by an unusually long lifetime of 23 ns (Table 3) . However, the blue-purple (e.g., 25E5) and purple (e.g., 16H10) complexes exhibited maximum fluorescence decay times that did not exceed 2.0 ns (Table 3) . In all complexes, the existence of multiple decay times probably represented heterogeneity in the ground and/or excited states (29) .
Decay-associated spectra of a blue-fluorescent complex revealed pronounced spectral differences among the four lifetime components (Fig. 6B) . The spectra corresponding to the two shortest lifetimes were centered around 380 nm, coincident with the emission spectrum of free 2 or the low-temperature (240 K) emission spectrum of the complex (Fig. 4D) , whereas the spectra corresponding to the two longest lifetimes were redshifted to ϳ420 nm. On the basis of the redshift and the long decay times, we interpreted the 420-nm emission as an exciplex of 2 with an antibody residue that was likely Trp 103 . The 380-nm emission we assigned to stilbene 2 itself at the antibody combining site.
Exciplex emission was further supported by the calculation of radiative lifetimes ( r ) for blue-fluorescent complexes. The r for 2 in aqueous buffer was 3.6 ns ( Table  3) , comparable to previous determinations of the radiative lifetime of trans-stilbene 1 (30, 31) . However, the r for the bluefluorescent mAb complexes was 30 to 40 ns or one order of magnitude larger than the intrinsic value. In contrast, the r values for the blue-purple and purple complexes were similar to free 2 and not that expected of an exciplex. Long radiative lifetimes (Ͼ3.6 ns) have been observed for exciplexes and excimers of 1 in solution (18) . Importantly, the radiative lifetime of a stilbene exciplex must be longer than that of stilbene alone because of a low quantum-mechanical probability of the transition from the exciplex state to the ground state.
Finally, the kinetics of exciplex formation was directly monitored. An examination of the long-and short-wavelength extremes of the spectrum showed that the appearance of the blue exciplex emission was coupled to the initial decay of the purple stilbene emission (Fig. 6C) . Hence, excitation of 2 resulted in a short-lived stilbene fluorescence followed by evolution to a blue-emitting exciplex that persisted for tens of nanoseconds and produced more than 98% of the observed emission (Table 3) .
Nature of the exciplex. We suggest that the emission of blue-fluorescent mAb complexes is due to the formation of an exciplex dynamically established between the stilbene 2 and an active-site residue during the photoevent. The most likely protein partner appears to be Trp 103 positioned in a -stacking orientation with respect to the distal aromatic ring of 2. In addition, the hydrogen bonding of tyrosine hydroxyls and/or water molecules to the stilbene substrate is possible both in the ground state and the more polarizable excited state. Furthermore, on the basis of solvent-effect studies (32) , the hydrophobic environment of the antibody active site is conducive to a charge-transfer exciplex that is stable, longlived, and affords a high quantum yield. However, as revealed by the temperature dependence and crystal structure data, the critical aspect is that a simple static interaction between stilbene and tryptophan is not sufficient to yield the blue fluorescence.
At low temperatures (Ͻ250 K), the substrate 2 bound to 19G2 was completely restricted with regard to trans 3 cis isomerization. The resulting emission therefore resembled that typically observed for trans-stilbene in a rigid matrix such as an optical glass. As the temperature was increased, a transition occurred at ϳ250 K that allowed formation of the exciplex and emission of blue light. From a static viewpoint, the x-ray structural data showed no change in the overall protein structure nor any substantial repositioning of Trp 103 relative to the stilbene in the binding site 
where i is the decay time of component i, ␣ i () is the amplitude of component i at wavelength , and I tot () is the total steady-state emission intensity at that wavelength. The decay parameters were obtained from multiexponential fits to the intensity decays measured at each wavelength. The spectra for the 92-ps, 1.1-ns, and 7.5-ns components were multiplied by a factor of 15 to make them visible on the same vertical axis as the 23-ns component. (C) Kinetic evolution of the exciplex blue emission. Normalized time-resolved emission profiles of the 20F2-2 complex were recorded at 480 nm (blue) and 370 nm ( purple). The solid lines are multiexponential fits to each decay. Emission at 480 nm showed a time-dependent increase with a rise time of 78 Ϯ 10 ps that closely matched the initial decay time of 92 Ϯ 10 ps observed at 370 nm. Decays were recorded in 4096 channels with a time increment of 4.9 ps/channel and were normalized relative to the number of counts recorded in the peak channel.
above or below the transition temperature. Therefore, stilbene and antibody must be dynamically coupled to yield the exciplex. In fact, it was possible to follow this event in real time, which took place in ϳ80 ps at room temperature. Consistent with this model was the observation of slight differences ( f and r ) in the emission of the four blue antibodies, because these parameters might be sensitive to the relative positions and interplay of hapten and partner residue(s) that will vary somewhat amongst mAbs. In this regard, we also cannot rule out that the exciplex resulted from a higher order ensemble of stilbene and multiple aromatic residues that were evident in the crystal structure. Although ternary or higher exciplexes would be entropically disfavored in solution, the union of hapten within the ordered protein scaffold would make tenable a scenario involving a network. Although Trp 103 was present in all the blue mAbs, it was also present in the purple mAb 16H10. Although the x-ray data for 16H10 remain to be acquired, the position of Trp 103 should not be grossly different based on the consistency of antibody structure. Hence, subtle structural variations and mechanistic details were perhaps most important in dictating the photophysics and photochemistry of antibody-stilbene complexes.
A physicochemical mechanism for the blue fluorescence would imply that after photoexcitation above 250 K, the bound substrate 2 undergoes partial twisting along the trans 3 cis isomerization coordinate and at some point interacts with the appropriately positioned tryptophan residue (Fig.  7) . Below 250 K, despite no apparent static differences in the relative positions of 2 and Trp 103 , the motion required for creation of the exciplex was hindered and so blue fluorescence was not observed. One possible reason for efficient dynamic coupling of the two aromatic moieties would entail favorable changes in electron demand, redox potential, or dipolarization that occurred as the stilbene molecule reorganized its electronic state. An alternative mechanism does not necessitate twist relaxation but relies even more on intimate displacements, oscillations, and dispersive forces (Fig. 7) . In particular, specific vibrational modes of the protein might mediate coupling between the exciplex partners. Indeed, small differences in vibrational characteristics of each mAb, and hence effects on the excited state, might be due to minor sequence variations of the active-site residues.
Although no design elements were implemented to control the excited state, bluefluorescent mAb complexes dynamically accommodated and productively funneled a large amount of energy into a long-lived fluorescent species with little thermal loss into the protein matrix. Hence, antibodies are not only able to control energetic manifolds in the ground state but also markedly influence excited-state surfaces. Molecules that are promoted to electronically excited states by the absorption of light have a number of reaction pathways that may be traversed. Binding energy, mediated by specific amino acid contacts, can serve as a linchpin between two dynamic entities, protein and ligand. Blue-fluorescent mAb complexes revealed the exquisite capacity for a finely tuned thermochemical interaction to efficiently route an excited state to generate fluorescent light. In this regard, a step was taken toward using photochemical sensors to study the ways that proteins catalyze reactions particularly in terms of the role of protein-ligand dynamics. Practical applications should also be possible and include uses in immunochemistry, in vitro and in vivo histological assays, and genomic studies. 7 . Depiction of models for exciplex formation. In the frozen state (Ͻ250 K) (top), UV irradiation produces only typical stilbene fluorescence, even though there is -electron interaction with tryptophan. Presumably, stilbene twisting is precluded and/or appropriate vibrational forces of the complex are not activated. Upon thawing (Ͼ250 K), dynamics ensue. Model A assumes that twisting is the primary factor that induces charge transfer, although other increased vibrational modes certainly occur. Model B does not require twisting but instead only invokes specific, coupled ("spring-like") vibrations between the excited-state stilbene and antibody that cause changes in the -overlap. In both models, the electronic perturbations result in emission from the exciplex. The crystalline complex at Ͼ250 K is not representative of the frozen state (top), but rather a state having appropriate dynamic activity. Table 3 . Time-resolved data for mAb complexes and stilbenes. Unless otherwise noted, all measurements were made in PBS [10 mM sodium phosphate and 150 mM NaCl ( pH 7.4)] and 5% DMF cosolvent, at 20°C (11) . Antibody complexes were made with 20 M mAb and 10 M 2. The details of the time-correlated single photon counting system used to record time-resolved fluorescence decay profiles and determine decay components are described elsewhere (11, 44) . The radiative lifetime ( r ) was calculated from the fluorescence lifetime ( f ) and quantum yield ( f ) ( 
‡Measured in 2-methylcyclohexane. ming, complexation of multiple stilbenes 2 would be precluded. Exciplex formation between stilbenes and amines has been thoroughly investigated [see, for example, (35) ]. The lack of participation by primary amines tended to rule out the possible involvement of a lysine residue. Furthermore, the absence of pH effects on 19G2-2 fluorescence also argued against dependence on a particular ionic state (i.e., charged residues) of the protein. However, we could not exclude the possibility of exciplex formation with aromatic amino acids. Finally, we did not detect the existence of a 2 radical or cation-radical species using electron-spin resonance (ESR) under steady-state irradiation [for 1, see (36) ]. 19. Ogawa et al. (37) measured the spectra for 1, 9, and 10 in typically used low-temperature spectroscopic solvents 2-methylpentane and 2-methyltetrahydrofuran. In these organic solvents at room temperature, 1 showed a weak progression slightly more defined than 2 in the buffer solution. The band shapes for 1 in rigid media were much sharper and more defined than the 19G2-2 complex, but the vibronic progression was the same. The vibronic structure for 9 at room temperature was also better defined than 19G2-2, and with the 0-0 band intensity equal to 0-1. For 10, there was some additional fine structure in addition to the major bands. For 10 in buffer (Table 2) , the fine structure was absent, but the progression was more defined. In our low-temperature experiments (11), the excitation spectrum of 2 in frozen buffer at 100 K was more defined than the 19G2-2 complex. These workers observed that a slight redshift of the absorption spectrum of 1 occurred in more polar solvents and also for 9 and 10 compared with 1 in a particular solvent. The slower rate of formation of 8 in both the background (no mAb) and EP2 mAb reactions compared with the rate of establishment of the pss allowed a "stable" pss to be attained before substantial formation of 8. With blue-fluorescent mAbs at room temperature, 0 to Ͻ1% 8 was detected after 30 to 40 s starting with 2 and Ͻ1 to 1% at 30 s starting with 6. The results were similar for the other mAbs that had (trans/cis) pss Ͼ 90/10. For some mAbs with higher levels of 6 in the pss, 8 was detected at 25 s and was generally 1 to 2% at 30 s starting from 2 or 6. In background reactions, Ͻ1 to 1% 8 was observed at 50 s starting with 2 and Ͻ1 to 1% at 40 s starting with 6. It was proposed that the initial motion of excited 5 on the S 1 surface was toward photocyclization (40) . The compound 8 had a K d Ͼ 500 M and so did not compete with 2 or 6 at the pss concentrations (Table 1) . However, it was uncertain whether oxidation of the corresponding dihydrophenanthrene occurred at the active site or in bulk solution. The formation of 8 was one possible pathway for photobleaching. Although under the conditions of the intensity of the UV illuminator, degradation of 8 was evident at 60 s and perhaps continued almost comparably to its rate of formation. At 60 s, mass balance began to deteriorate among 2, 6, and 8 concomitant with the loss of fluorescence. All compounds likely underwent oxidative and nonoxidative photoreactions. By chromatographic analysis, we observed no photoproduct formation, such as stilbene photodimers, but have preliminary evidence for covalent labeling of the antibody. Notably, a sample of 19G2-2 that was subjected to freeze-thaw evacuation cycles with argon purging and sealed in an ampoule was extremely photostable and completely bleached after 7 hours of continuous UV irradiation. Only 8 remained, indicative that some oxygen had not been removed, but only at ϳ15% of the initial concentration of 2. 25. Studies indicated that the isomerization of 1 had a ϳ3.0 kcal/mol intrinsic barrier and was strongly influenced by solvent viscosity and to a smaller extent by temperature (7) (8) (9) 14) . From the cis side, isomerization has been assumed to be essentially barrierless subject only to medium-imposed factors (7-9). We observed only small temperature effects in pss experiments over the range Ϫ5°C to 45°C for EP2 mAbs. At 45°C, the background pss showed no change from the value at 21°C, but the pss in mAb complexes shifted ϳ2% in favor of cis-isomer 6. At Ϫ5°C, the 19G2-2 pss was Ͼ99% trans-isomer 2, and starting from 6, the first traces of phenanthrene 8 were observed before the establishment of the pss. Hence, formation of 8 became competitive with cis isomerization and resulted in a pss of ϳ98% transisomer 2. 26. The (trans/cis) pss was ϳ75/25. Syamala et al. (41) proposed that interactions between 1 and the rim of the cyclodextrin occurred at the twisted 1 p* state. The cis-isomer 5 also isomerized and was postulated to bind in a different mode.
